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Association of the Origin Recognition Complex
with Heterochromatin and HP1 in Higher Eukaryotes
regulation from simple transcriptional repression. The
silenced DNA is refractory not only to promoter-inde-
pendent transcriptional machineries (Schnell and Rine,
Daniel T. S. Pak,* Michelle Pflumm,* Igor Chesnokov,*
Da Wei Huang,² Rebecca Kellum,² Jacqueline Marr,³
Piotr Romanowski,³ and Michael R. Botchan*§
1986) but also to restriction digestion (Loo and Rine,*Department of Molecular and Cell Biology
1994), DNA repair (Terleth et al., 1989), and DNA methyl-401 Barker Hall
ation (Singh and Klar, 1992). Establishment of thisUniversity of California
specialized environment involves the Sir proteins, theBerkeley, California 94720
transcription factors Rap1p and Abf1p, and the origin²Department of Biology
recognition complex (ORC), along with a cis-actingMcGill University
silencer element containing the cognate DNA-binding1205 Dr. Penfield Avenue
sequences for the latter three factors (reviewed inMontreal, QC H3A 1B1
Laurenson and Rine, 1992). The silent domain appearsCanada
to spread for several kilobases from the silencer itself³Wellcome Trust and Cancer Research
(Loo and Rine, 1994) and exhibits an epigenetic inheri-Campaign Institute
tance that is not well-understood (Pillus and Rine, 1989;Tennis Court Road
Ehrenhofer-Murray et al., 1995). Mutations in histone H4Cambridge, CB2 1QR
specifically derepress the normally inactive loci at HMLUnited Kingdom
and HMR (Kayne et al., 1988), and Sir3p and Sir4p di-
rectly interact with histones H3 and H4 (Hecht et al.,
1995), suggesting that silencing results from an alteredSummary
chromatin structure.
ORC is a highly conserved suite of proteins initiallyThe origin recognition complex (ORC) is required to
identified as a DNA replication origin-binding activityinitiate eukaryotic DNA replication and also engages
(Bell and Stillman, 1992), and individual subunits of thein transcriptional silencing in S. cerevisiae. We ob-
complex have been shown to be required for DNA repli-served a striking preferential but not exclusive associ-
cation in yeast (Fox et al., 1995; Liang et al., 1995), foration of Drosophila ORC2 with heterochromatin on
proliferation and chorion gene amplification in Drosoph-interphase and mitotic chromosomes. HP1, a hetero-
ila melanogaster (Landis et al., 1997), and for Xenopuschromatin-localized protein required for position ef-
laevis in vitro replication (Carpenter et al., 1996; Ro-fect variegation (PEV), colocalized with DmORC2 at
manowski et al., 1996b; Rowles et al., 1996). Passagethese sites. Consistent with this localization, intact
through S phase is required to establish mating typeDmORC and HP1 were found in physical complex. The
silencing (Miller and Nasmyth, 1984), and the HMR-Eassociation was shown biochemically to require the
silencer is an active origin of replication (Rivier and Rine,chromodomain and shadow domains of HP1. The
1992). However, replication initiation at the site is un-amino terminus of DmORC1 contained a strong HP1-
likely to be directly involved in silencing, since targetingbinding site, mirroring an interaction found inde-
Sir1p to HMR bypasses the requirement for ORC bindingpendently in Xenopus by a yeast two-hybrid screen.
at the silencer (Chien et al., 1993; Fox et al., 1997). InFinally, heterozygous DmORC2 recessive lethal muta-
addition, various mutants of ORC subunits have been
tions resulted in a suppression of PEV. These results
isolated from budding yeast that genetically separate
indicate that ORC may play a widespread role in pack-
replication and silencing functions (Fox et al., 1995; A.
aging chromosomal domains through interactions Dillin, personal communication). Thus, ORC may act at
with heterochromatin-organizing factors. the silencer by recruitment of the silencing apparatus
but may have other, less direct functions in establish-
Introduction
ment of the domain (Fox et al., 1997). One frequently
made suggestion is that the replication process itself
Gene silencing is a common phenomenon in eukaryotes, allows for a critical window of time to remodel the chro-
governing aspects of global chromosome architecture matin and establish the appropriate structures (e.g.,
as well as the creation of distinct transcriptional do- Miller and Nasmyth, 1984).
mains. Understanding the basis of silencing is likely to Drosophila heterochromatin shares many properties
yield important insights into diverse processes ranging of the silent mating type loci. Heterochromatin is defined
from the establishment of developmental programs to as a nucleoprotein complex that exists in a highly con-
cell cycle±regulated chromosome dynamics. However, densed state throughout the cell cycle, contains few
the structural principles that allowfor continuous propa- genes, and is late replicating (reviewed in Elgin, 1996).
gation and maintenance of condensed regions are When euchromatic DNA is translocated to heterochro-
largely unknown, particularly in metazoan contexts. matin, it is inactivated in a stochastic, promoter-inde-
Analysis of the silent mating type loci (HML and HMR) pendent fashion, leading to a mosaic pattern of expres-
in Saccharomyces cerevisiae has outlined several key sion termed position±effect variegation (PEV), since the
features of gene silencing that distinguish this class of altered gene expression can be shown to be due to the
position of the gene (Spofford, 1976). When a P element
is transposed into heterochromatin, the DNA in the§To whom correspondence should be addressed.
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transposon is packaged into an unusually regular nu- from cell cycles 10±13, which coincides with the time
reported for heterochromatin formation, apical orienta-cleosome pattern that is resistant to restriction digestion
(Wallrath and Elgin, 1995). In addition, histones within tion of heterochromatin, and localization of HP1 to het-
erochromatin (Kellum et al., 1995).Drosophila heterochromatin contain a distinctive hypo-
acetylated pattern identical to that found in the yeast To ask whether this localization pattern was develop-
mentally specific for early embryos, in which large ma-silent mating type loci (Braunstein et al., 1996). Further-
more, the Drosophila ORC2 gene can cross-comple- ternal stores of DmORC2 appear to be deposited
(Gossen et al., 1995), we examined embryos followingment the orc2-1 mutation in S. cerevisiae for silencing
but not for replication (Ehrenhofer-Murray et al., 1995), the major developmental transition of cellularization,
which occurs at cell cycle 14. At this time, global cellarguing that some aspects of silencing may be mecha-
nistically similar in different systems. cycle synchrony has been replaced by ªmitotic do-
mains,º regions of locally synchronized cell divisionIn higher eukaryotes, a family of proteins containing
a motif known as the chromodomain (Singh et al., 1991) (Foe, 1989). These patterns are visualized more easily
using tubulin staining as a diagnostic for cell cycle posi-appears to be central for regulating silencing and chro-
mosome structure. A paradigmatic member of this fam- tion. No significant differences in DmORC2 distribution
were apparent in embryos after cellularization (Figureily is HP1, originally identified as an antigen localized to
pericentric heterochromatin in Drosophila (James and 2). The highlighted images illustrate representative cells
in interphase (Figure 2A), metaphase (Figure 2B), andElgin, 1986; James et al., 1989) and subsequently shown
to be identical to the product of the suppressor of PEV telophase (Figure 2C). DmORC2 was found continuously
associated with DNA, as in cleavage embryos, whilegene Su(var)205 (Eissenberg et al., 1990). Its localization
and strictly dosage-dependent effects on PEV suggest clusters of DmORC2 dramatically dotted the metaphase
plate along the plane of centromere alignment. Thus,that HP1 constitutes a structural component of hetero-
chromatin. HP1 is also required for proper chromosome at a gross level, there appeared to be a preferential
concentration of DmORC2 with centric heterochromatincondensation and segregation (Kellum and Alberts,
1995). In addition to the chromodomain family, over 100 that existed very early in development and continued at
least through the process of cellularization. We ob-modifiers of PEV have been genetically identified in Dro-
sophila (reviewed in Weiler and Wakimoto, 1995), but served that the total amount of the protein staining per
cell was less overall in the cellular blastoderm than innone of these factors has been directly implicated in
heterochromatin formation. the syncytial embryo (data not shown), consistent with a
continuous decrease in DmORC2 protein levels throughWe now demonstrate that DmORC2 localizes to het-
erochromatin and that Drosophila ORC interacts directly development as detected by Western analysis (Gossen
et al., 1995).with HP1. The DmORC1 subunit shows the highest affin-
ity for HP1, an interaction that is conserved in Xenopus. These patterns of DmORC2 localization were unlikely
to be due to particular fixation conditions, since an al-Recessive lethal mutations in DmORC2, k43 (Landis et
al., 1997) carried by a wild-type chromosome results in ternate fixation protocol (Mitchison and Sedat, 1983)
yielded identical results (data not shown). In addition,suppression of PEV, consistent with the suggestion that
ORC plays a role in the formation or maintenance of use of preimmune serum, omission of primary antibody,
or depletion of antibody with recombinant DmORC2-heterochromatin in Drosophila.
coupled beads abolished all signals (data not shown).
Furthermore, we observed that DmORC2 was extremely
Results sensitive to fixation, as reported for another heterochro-
matin-associated factor, HP1 (Kellum et al., 1995). At
DmORC2 Associates with Heterochromatin the standard 3.7% formaldehyde concentration, only
Our immunolocalization studies were initially under- faint staining could be observed, in contrast to the in-
taken to test directly the hypothesis that ORC is continu- tense staining seen when 1% formaldehyde or methanol
ously associated with chromosomes, particularly during alone (Mitchison and Sedat, 1983) was used as fixative.
mitosis, as indicated in S. cerevisiae by in vivo foot- The results were also not likely to be specific to the
printing (Diffley et al., 1994). Drosophila embryos were embryo or to maternally derived DmORC2, since similar
examined by indirect immunofluorescence using affin- patterns were observed in Drosophila Schneider L2 tis-
ity-purified anti-DmORC2 antibodies, which were highly sue culture cells throughout the cell cycle (Pak, 1996;
specific for DmORC2 as judged by immunoblotting and see below). As with embryos, gentle fixation conditions
by immunoprecipitations from crude embryonic extracts were required to prevent stripping of DmORC2, particu-
(Gossen et al., 1995). DmORC2 was found on chromatin larly during prophase through anaphase in mitosis (Pak,
at all cell cycle stages of the embryonic syncytium (Fig- 1996).
ure 1) in a diffuse, granular pattern throughout the DNA Because of the sensitivity of DmORC2 and HP1 to for-
but was highly concentrated at foci along the apical maldehyde, a gentler procedure was utilized that omitted
surface of the interphase nuclei (Figure 1A), consistent fixative altogether (Wreggett et al., 1994). DmORC2
with the Rabl orientation of pericentric heterochromatin staining (Figure 3A) was ubiquitously distributed on DNA
(Dernburg, 1996a). At metaphase (Figure 1B), the peri- in a diffuse pattern clearly above background (data not
centric staining of DmORC2 was particularly evident, shown), accompanied again by strong foci at discrete
and at anaphase, DmORC2 concentrations were clearly locations correlating with classically defined hetero-
most intense at the leading centromeric positions of the chromatin. Heterochromatin can be differentially stained
by Hoechst 33258 because of its AT-rich sequences,chromosomes (Figure 1C). The embryos in Figure 1 are
DmORC and Heterochromatin
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Figure 1. Confocal Microscopy of Drosoph-
ila Syncytial Embryos (Cell Cycles 10±13)
Wide field views of representative cell cycle
stages are shown as merged images of DNA
(red) and DmORC2 (green): (A) cross-section
of interphase nuclei along the periphery of
the embryo (apical surface oriented upward),
(B) metaphase, (C) late anaphase. In each
large panel, a boxed region is shown to the
right as a group of three enlarged images:
DNA, top (red); DmORC2, middle (green), and
merged view at bottom (colocalization in yel-
low). Bar 5 5 mM.
which are preferentially bound under limiting dye con- (Figure 3C), particularly on chromosome 4, the pericen-
tric X chromosome, and the Y chromosome. However,centrations (Gatti et al., 1976; Pimpinelli et al., 1976).
These regions are diagrammed inFigure 3E. The DmORC2 HP1 was more enriched at telomeres, as previously de-
scribed (Kellum et al., 1995). Furthermore, HP1 coatedstaining displayed on the karyotypes (aligned in Figures
3F±3H) showed a striking correspondence to hetero- the pericentric heterochromatin of autosomes 2 and 3
more intensely, whereas DmORC2 appeared to be morechromatic localization. Specifically, strong DmORC2
staining was observed at the pericentric regions of chro- pronounced at the distal boundary of these areas. Simi-
lar results were observed using Drosophila Kc tissuemosomes 2 and 3, the X chromosome, and throughout
the largely heterochromatic Y and dot-like 4th chromo- culture cells (data not shown).
Salivary gland polytene chromosomes from third instarsomes. If the chromosomes were exposed to 3.7% form-
aldehyde prior to antibody incubation, no staining was larvae were stained with DmORC2 antisera; a represen-
tative image is shown in Figure 4A. At this stage, theseobserved (data not shown). We infer that this effect was
due to stripping of the antigen, as intense staining of interphase cells have exited from the DNA replication
and polytenization process; nevertheless, a faint punc-the space surrounding the chromosomes was observed
in metaphase L2 cells treated with 3.7% formaldehyde tate stain of DmORC2 protein was detected throughout
the chromosomes. Reproducibly, the strongest staining(Pak, 1996, and data not shown; also see Romanowski
et al., 1996a). was observed in the heterochromatic base of the chro-
mosomes, and, in particular, the heterochromatic fourthDouble-labeling experiments performed with fluoro-
chrome-labeled antibodies against DmORC2 (Figure 3A) chromosome was brightly banded. An enlarged image
of the chromocenter and heterochromatic fourth isand HP1 (Figure 3B) revealed colocalization at many loci
Cell
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Figure 2. Confocal Microscopy of Drosoph-
ila Cellular Blastoderm (Cell Cycle 14) Mitotic
Domains
Each row of panels is taken from a different
mitotic domain and shown as a wide field,
merged image of tubulin in green and
DmORC2 in red (left panels). Boxed areas are
shown to the right as enlarged views of tu-
bulin, left (green); DmORC2, middle (red); and
merged image, right: (A) interphase, (B) meta-
phase, and (C) telophase. Bar 5 10 mM.
shown in Figure 4A. In addition, another intense band z15mg/ml) and DmORC proteins (z5±10 mg/ml), judging
at 83E (1,2) was observed. A striking point is that the from quantitative Western blots using recombinant pro-
bulk of the intense staining of the centric regions ob- teins as standards (data not shown and Gossen et al.,
served with the DmORC2 stain in mitotic cells is not 1995); such maternal deposits represent the bulk of HP1
paralleled by an equally intense signal from the chro- and DmORC during this stage. These cytoplasmic ex-
mocenter in the giant chromosomes. From this, we tracts were applied to an immunoaffinity column con-
conclude that most of the DmORC2 association with taining affinity-purified antibodies to an amino-terminal
heterochromatin in mitotic cells can be ascribed to the peptide of HP1; material was eluted with increasing salt
a-heterochromatin DNA, as these regions are not ampli- concentration and analyzed for HP1 and DmORC sub-
fied in the salivary chromosomes. In addition, HP-1 is units by Western blotting. HP1 was tightly and specifi-
known to bind to the chromocenter of the polytene chro- cally retained by the affinity column but not the control
mosomes (Platero et al., 1995). One interpretation of IgG column and was resistant to up to 1 M KCl, eluting
these data, consistent with the findings reported here, only in the final pH 3.0 glycine step (Figure 5A). DmORC2,
is that HP-1 localization is complex, and potentially its DmORC5, and DmORC6 were also specifically retained
colocalization with DmORC2 is dependent upon cis-
by the HP1 antibody column but were in large part re-
acting elements present in the a-heterochromatin un-
moved by 0.1 M KCl washes. However, a small fraction
derrepresented in the salivary polytene chromocenter.
of the DmORC proteins bound strongly to the affinityThe colocalization and concentration of DmORC2 and
column, eluting with 0.5 M KCl, 1.0 M KCl, and pH 3.0HP-1 in the interphase nuclei of mitotically active tissue
glycine (Figure 5A). Thus, potentially severalpopulationsculture cells is shown in Figure 4E. In these cells, the AT-
of DmORC and HP1 complexes existed, some of whichrich chromatin of the centromeric regions concentrate at
were extremely stable. It is likely that additional DmORCfoci (Figure 4B) and a merge of the images of DmORC2
subunits (e.g., DmORC1, DmORC3, and DmORC4) wereand HP1 show that the highest fluorescence for both
also bound with HP1, since DmORC2 from embryonicindicators occurs at those centers.
extracts appears to be fully complexed with at least four
DmORC partners at all times (Gossen et al., 1995 andPhysical Association of DmORC and HP1
data not shown). Nevertheless, comparison of load (L)Because of the heterochromatic localization of DmORC2,
versus combined 0.5 M KCl, 1.0 M KCl, and glycinewe were interested to determine whether DmORC and
eluates indicated that although HP1 was depleted byHP1 physically associated. Cytoplasmic extracts from
0±2-hr-old embryos contain large stores of both HP1 (at the immunoaffinity column, only z6% of the DmORC
DmORC and Heterochromatin
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the immunoprecipitates subsequently Western blotted
for the presence of HP1 protein. This analysis clearly
showed that in addition to DmORC2 (75% recovery),
HP1 was found in this complex in a tight association
that was partly resistant to washes in 1 M KCl buffer
(Figure 5B), consistent with the HP1 immunoaffinity col-
umn results. This association, also observed using em-
bryonic nuclear extract, was not affected by the pres-
ence of ethidium bromide (data not shown), arguing
against an indirect link via a DNA tether. DmORC5 and
6 were also found in the 1.0 M KCl-resistant complex,
as anticipated from silver stain analysis of DmORC2
antibody immunoprecipitates (Gossen et al., 1995).
Comparison of DmORC2 and HP1 levels in the input
material (L) versus pellets (0.1 M immunoprecipitates)
indicated that roughly 3% of total HP1 could be coimmu-
noprecipitated with DmORC2 (Figure 5B). In summary,
these results showed that a small but significant fraction
of both HP1 and DmORC pools were biochemically as-
sociated in cytoplasmic embryo extracts. These data
were consistent with the finding that DmORC2, DmORC5,
and DmORC6 can be extensively copurified from such
extracts in a high molecular weight complex containing
HP1 (R. K., unpublished data).
Both the chromodomain and the related ªshadowº do-
main of HP1 (Aasland and Stewart, 1995) can assist in
targeting HP1 to heterochromatin (Powers and Eissen-
berg, 1993; Platero et al., 1995). To determine whether
either domain of HP1 (Figure 5C, top) was necessary
for interaction with DmORC, we asked if exogenous
HP1 could bind to endogenous DmORC from embryo
cytoplasmic extract. Flag epitope-tagged HP1 protein
or mutant derivatives (Figure 5C, bottom) were purified
from a bacterial expression system (Figure 5D) and incu-
bated with 0±2-hr-old embryo cytoplasmic extract at an
approximate molar ratio of 50:1 Flag-HP1 to endoge-
nous DmORC2, mimicking in vivo ratios of HP1 toFigure 3. Immunofluorescence of Schneider L2 Mitotic Chromo-
DmORC2. Following immunoprecipitation with anti-Flagsome Spreads
antibody-coupled beads or mock beads, the bound ma-(A±C) Colocalization of DmORC2 and HP1: (A), DmORC2 (red); (B),
terial was examined by SDS-PAGE and Western blot-HP1 (green); (C) merge of DmORC2 and HP1 (regions of colocaliza-
tion in yellow). Arrows indicate regions of strong colocalization, at ting. Wild-type Flag-tagged HP1 clearly bound DmORC,
the 4th, pericentric X, and Y chromosomes. Arrowheads indicate judging from its ability to coimmunoprecipitate with
regions of partial colocalization, such as in the pericentric hetero- DmORC2, DmORC5, and DmORC6. No DmORC pro-
chromatin of chromosome 3 as shown. The asterisk marks the posi- teins were precipitated without added HP1 protein or
tion of intensely autofluorescent debris.
with mock beads (Figure 5E).(D) DNA stained with Hoechst 33258 (blue), with recognizable chro-
In addition, both the chromodomain and shadow do-mosomes labeled.
main were found to be necessary and sufficient for the(E) Schematic diagram of heterochromatic regions of Drosophila
chromosomes as indicated by differentialdye-binding fluorescence. interaction with DmORC. For example, binding of DmORC
Euchromatin in light gray, moderately staining regions in dark gray, by the HP1 mutant D61±141 was as strong as wild type,
and heavily staining regions in black. The latter two zones also whereas D1±31 and 1±169 (Su(var)2±0504) were com-
constitute that fraction of a-heterochromatin rich in satellite DNA pletely unable to bind (Figure 5E). Interestingly, the point
(Pimpinelli et al., 1985; see also Lohe et al., 1993).
mutant V26M (Su(var)2±502), which severely cripples HP1(F±H) Karyotyped distribution of DmORC2: (F) DNA stained with
function in PEV (Platero et al., 1995), exhibited a partialHoechst 33258 (blue), (G) DmORC2 (red), (H) merged DNA and
decrease in binding of DmORC (35% 6 13% of wildDmORC2. Bar 5 5 mM.
type; Figure 5E). A titration of V26M protein versus wild-
type HP1 (pAK12) confirmed that over a range of protein
proteins was associated with HP1 in these extracts (Fig- concentrations, V26M displayed consistently weaker af-
ure 5A). This figure is probably an underestimate, since finity for DmORC (data not shown).
recovery of eluates by trichloroacetic acid precipitation In S. cerevisiae, the amino terminus of Orc1p appears
was approximately 20% efficient. to contain a specialized domain, perhaps dedicated to
In a reciprocal experiment, DmORC was isolated from silencing (Bell et al., 1995). Although the amino termini
0±2-hr-old embryo cytoplasmic extracts by immunopre- of various metazoan Orc1 homologs are not well-con-
served (Figure 6B), it seemed possible that this domaincipitation with affinity-purified DmORC2 antibodies and
Cell
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Figure 4. Immunofluorescence of DmORC2 during Interphase
(A) Wide view of an entire polytene chromosome complement from a third instar larval salivary gland. Shown is a merged image of DNA
(Hoechst 33258±stained, in blue) and DmORC2 (red). The Hoechst stain is deliberately underexposed to show the punctate pattern of DmORC2
throughout the DNA. Chromosome arms are labeled; the X chromosome tip is fragmented. The chromocenter region (boxed) is shown magnified
as a merged image and below with DmORC2 stain alone. Bar 5 40 mM.
(B±E) Colocalization of DmORC2 and HP1 in interphase nuclei from log-phase Schneider L2 cells. (B) Hoechst stained DNA; (C) DmORC2
stain; (D) HP1 stain; (E) merged image of DmORC2 and HP1 (colocalization in yellow). Bar 5 10 mM.
of the protein might be involved in nonreplication func- ure 6B) were labeled with [35S]methionine by in vitro
tions of ORC, with the well-conserved carboxyl terminus translation (Figure 6C, leftmost panel). These lysates
dedicated to replication (Bell et al., 1995; Gavin et al., were incubated individually with Flag-tagged full-length
1995; Muzi-Falconi and Kelly, 1995). Therefore, it was HP1 purified from Escherichia coli and immunoprecipi-
of interest to determine whether DmORC1 interacted tated with anti-Flag resin (F) or mock beads (M). A 160-
with HP1 and whether other DmORC subunit(s) might amino-acid domain in the amino terminus of DmORC1
be contributing to the interaction. Coupled in vitro spanning residues 161±319 was found to be necessary
transcription/translation reactions using [35S]methionine and sufficient for the interaction with HP1 (Figure 6C).
were performed for each of the six DmORC subunits However, a DmORC1 fragment from 160±501 bound to
(Figure 6A, lane L contains a mix of all subunits) and HP1 very weakly, which may be due to improper folding
the translation products shown to comigrate in SDS- or stability of that construct. A derivative of DmORC1
PAGE gels with DmORC proteins purified from Drosoph- (1±238) carrying a subfragment of the 161±319 region
ila embryos (data not shown). DmORC proteins were demonstrated intermediate levels of binding to HP1(Fig-
incubated with wild-type Flag-HP1, individually as well ure 6C), suggesting that multiple contacts within this
as together (MIX lanes), to assess whether HP1 inter- domain may be involved.
acted with DmORC subunits differently in the presence
of the entire complex. Immunoprecipitations were con-
Interaction of Orc1 and HP1 in Xenopusducted with anti-Flag monoclonal antibody-coupled
Independent confirmation of this observation and evi-beads (F) or with mock beads (M), and the precipitated
dence that it also occurs invertebrates came from a two-material was analyzed by SDS-PAGE and autoradiogra-
hybrid screen for proteins that bound to the Xenopusphy (Figure 6A). The results demonstrated that DmORC1
homolog of Orc1p (XOrc1) fused to the LexA DNA-bind-bound to HP1 with the highest recovery (Figure 6A).
ing domain. Three classes of positives were obtained.Lower and more variable levels of interaction were seen
One class represented two subtypes of Xenopus HP1for the other subunits, but DmORC3 and DmORC4 also
homologs, HP1a and HP1g (Figure 7A). Strikingly, theexhibited clearly greater levels of binding than the other
amino terminus of XOrc1 was also required for this inter-subunits (see quantitation at bottom of Figure 6A). Nota-
action (Figure 7B), paralleling that seen in Drosophila.bly, when all six subunits were present, all DmORC sub-
The highly conserved carboxyl terminus of XOrc1 didunits could be coimmunoprecipitated with Flag-HP1
not recognize either XHP1 species nor did the LexA(Figure 6A, MIX lanes). In particular, the in vitro trans-
domain alone or a panel of five negative control fusionslated products of DmORC2 and DmORC6, which individ-
(Figure 7B).ually showed no reproducible interactions with HP1,
To confirm the specificity of this result, we exchangedwere coprecipitated when the entire repertoire of
the fusion domains betweenXOrc1 and XHP1 homologs.DmORC subunits was used.
XOrc1 fused to LexA bound VP16HP1-a and VP16HP1-gTo analyze further the strong DmORC1-HP1 interac-
(Figure 7C, left panel); conversely, XOrc1 fused to thetion, we wished to determine the region of DmORC1
that bound to HP1. Various truncations of DmORC1 (Fig- VP16 transcriptional activation domain interacted with
DmORC and Heterochromatin
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Figure 5. Copurification of DmORC and HP1 from Drosophila Cytoplasmic Extracts and Identification of HP1 Domains Required for DmORC
Interaction
(A) Immunoaffinity purification on HP1 antibody column (HP1) or control IgG column (M). Lanes are as follows: load (LD), 1/50 of total extract
(z200 mg); flow through (FT), 1/50 from the anti-HP1 immunoaffinity column; 1/50 of 100 mM KCl wash; 1/2 of 0.5 M KCl elution; 1/2 of 1.0
M KCl elution; 1/2 of 100 mM glycine (pH 3.0) (G) elution (z2 mg protein); 1/2 of glycine elution from IgG control column (M). Each fraction
was probed in parallel by Western analysis for HP1, DmORC2, DmORC5, and DmORC6 as indicated. Only the relevant portions of each
Western blot are shown; signals were not observed elsewhere. Molecular weight standards are as indicated (in kilodaltons).
(B) Immunoprecipitation with DmORC2 (IP) or mock (M) antibodies coupled to agarose beads. Lanes are as follows: input (LD) and supernatant
(SN), 1/10 of total for DmORC2 blot, and 1/50 of total for HP1 blot; pellets surviving 0.1 M and 1.0 M KCl washes (1/3 of total for each).
Western analysis was performed for DmORC2, DmORC5, DmORC6, and HP1, as in (A).
(C) Top, schematic of HP1 domains. NLS, nuclear localization sequence. Bottom, diagram of mutants and deletions. Sources for domain
mapping and mutations are cited with superscripts (aParo and Hogness, 1991; bAasland and Stewart, 1995; cPowers and Eissenberg, 1993;
dPlatero et al., 1995; eEissenberg et al., 1992). ªXº indicates site of point mutations. Where relevant, Su(var) phenotypes are assigned. A
summary of DmORC interaction results is given at the right of each construct, with 1, 1/2, or 2. All constructs were Flag- and 6xHIS-tagged
at the amino terminus, except for amino-terminal deletions pAK36 and pAK37, and pAK23 used as a wild-type control for the carboxy-terminal
epitope tag. Epitope tags are denoted by small black bars.
(D) Coomassie-stained SDS-PAGE gel of HP1 and mutant derivatives purified from E. coli. Equivalent amounts of each protein were loaded
and used for subsequent experiments. Molecular weight standards are as indicated (in kilodaltons).
(E) Coimmunoprecipitation of Flag-tagged HP1 or HP1 mutants added to cytoplasmic extract. M, mock antibody; F, anti-Flag monoclonal
antibody; each pair of lanes was supplemented with equal amounts of the Flag-tagged protein indicated or with no Flag-tagged protein (first
two lanes). HP1 deletions are grouped by amino-terminal and internal deletions (compared to pAK12) and carboxy-terminal deletions (compared
to pAK23). The presence of DmORC proteins was determined by Western blotting with the respective antibodies for DmORC2, DmORC5,
DmORC6, and HP1. Only the relevant size range is shown for each Western.
the lexHP1-a and lexHP1-g fusions (Figure 7C, right suppression of variegation, or Su(var), phenotype. We
panel). Thus, the association between XOrc1 and XHP1 reasoned that if DmORC is associated with HP1 in vivo
homologs in yeast was not dependent on the fusion and similarly plays a direct role in the formation of het-
domain in two-hybrid constructs. erochromatin, mutations in DmORC genes might have
similar phenotypes. Two previously described recessive
lethal mutations in DmORC2, k431 and k43g4 (Landis etDmORC2 Is a Modifier of Position±Effect Variegation
al., 1997), were separately crossed to white-mottled 4hThe cytological colocalization and biochemical demon-
(wm4h). The wm4h strain carriesan X chromosome inversionstration of an interaction between DmORC and HP1
of the white gene into heterochromatin and results inimplied a functional relationship. Although the precise
variegated repressed expression of eye color pigmentfunction of HP1 in vivo is unclear, it is believed to have
(Figures 8A and 8C). Progeny carrying both wm4h anda direct role in the maintenance and/or initiation of het-
either of the k43 mutant chromosomes were comparederochromatin formation. This is based mainly upon the
fact that mutations in HP1 lead to a dosage-dependent to their wm4h and Tb siblings to look for defects in PEV.
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Figure 6. Coimmunoprecipitation of In Vitro
Translated DmORC Subunits and Flag-
Tagged HP1
(A) Autoradiogram of [35S]methionine-labeled
in vitro translated DmORC proteins coimmu-
noprecipitated with Flag-tagged HP1 purified
from E. coli. Each DmORC subunit was trans-
lated individually and either incubated indi-
vidually (1±6) or together (MIX) with mock an-
tibody beads (M) or with anti-Flag antibody
coupled beads (F) in the presence or absence
of Flag-tagged HP1 as indicated. A portion
of the mixed subunits was loaded as an input
control (LOAD). Quantitated recovery for
each subunit is indicated below the respec-
tive lanes, with standard deviations (n 5 5).
DmORC subunit positions are indicated with
arrows to the left. Molecular weights are as
indicated (in kilodaltons), at right.
(B) Schematic amino acid sequence compari-
son of Xenopus, human, and Drosophila Orc1
proteins (striped bar at center). Each stripe
denotes an identical residue for all three
homologs. Amino acid numbering is for
DmORC1. Above, amino acid sequence of
DmORC1 domain 161±319, aligned to homol-
ogous Xenopus and human regions. Gray
boxes denote identity in two of three se-
quences; black boxes, identity in all three
proteins. Blocks of identity are not conserved
in S. cerevisiae Orc1p or Sir3p. Bottom, dia-
gram of deletions created in the DmORC1
protein; summary of interaction with HP1 is
given as 1, 1/2, 2/1, or 2 to the right.
(C) Identification of an HP1 interaction do-
main in the amino terminus of DmORC1. Left
panels, autoradiograms of [35S]methionine-
labeled in vitro translated DmORC1 deletions
(input). Right panels, autoradiograms of
coimmunoprecipitated DmORC1 deletion de-
rivatives using anti-Flag antibody-coupled
resin (F), or mock resin (M) in the presence
or absence of Flag-tagged HP1. Equivalent
molar amounts of DmORC1 proteins were added into each reaction. Negative controls (mock antibody beads [M] and omission of Flag-tagged
HP1) are shown with mixed lysates only, performed in two groups as divided by panels.
Both k43 mutations exhibited a dominant suppression throughout the cell cycle. These data are consistent with
in vivo footprinting analyses of ORC that imply continu-of PEV, yielding eyes with characteristically variegated
red patches (Figures 8B and 8D). Similar results were ous occupation of yeast replication origins (Diffley et
al., 1994). However, we have not shown that the sitesobtained when a female sterile DmORC2 mutation was
crossed to wm4h. wm4h fs293 progeny exhibit a Su(var) of DmORC2 localization define replication origins. The
molecular basis for such localization remains the focusphenotype when compared to their wm4h TM3 (Stubble)
siblings (data not shown). In addition, all DmORC2 muta- for future work.
Previous immunolocalizations using Xenopus tissuetions showed a Su(var) phenotype when crossed to a
wm4 background (data not shown). The suppression in culture cells (Romanowski et al., 1996a) and in vitro
chromatin-binding experiments (Carpenter et al., 1996)k43 was not to the same extent as the Su(var)2±505 HP1
mutation crossed into the same PEV reporter strains suggest that Xenopus ORC proteins are completely
ªclearedº from chromosomes at metaphase, returning(data not shown).
at late anaphase/telophase. Similarly, under relatively
moderate formaldehyde levels, Drosophila L2 cells un-Discussion
dergo an identical clearing of DmORC2 at metaphase
(Pak, 1996). However, at lower levels of fixative or omit-DmORC2 Constitutively Colocalizes with DNA
We have demonstrated a colocalization of DmORC2 and ting fixation altogether, DmORC2 staining was retained
on metaphase chromosomes with little apparent in-DNA at all stages of the cell cycle in a variety of cell
types. From these data, coupled with observations that crease in cytosolic localization. Significantly, DmORC2
epitopes in L2 cells became stable to fixative at lateDmORC2 is found only in complex with other ORC sub-
units in embryonic extracts (Gossen et al., 1995), we anaphase/telophase (Pak, 1996). This cell cycle stage-
specific alteration in resistance to fixation is interestinginfer that DmORC is continuously bound to chromatin
DmORC and Heterochromatin
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Figure 7. Yeast Two-Hybrid Screen for Pro-
teins Interacting with Xenopus Orc1
(A) Amino acid sequence of positive clones
obtained from the screen (Xhp1a and Xhp1g)
compared to various chromodomain-con-
tainingproteins: Drosophila HP1 (Dhp1), mouse
modifier 2, and human hp1a and hp1g homo-
logs. Black boxes, identical residues; gray
boxes, homologous residues.
(B) Summary of Xenopus two-hybrid interac-
tion data. Full-length XOrc1, the amino-termi-
nal portion (1±413), the carboxy-terminal
fragment (417±886), or six additional negative
control baits were each assayed against two
positives obtained from the screen, Xenopus
homologs of HP1a and HP1g.
(C) Different pairs of LexA and VP16 fusion
constructs were cotransformed into L40
yeast strain. b-galactosidase activity was
measured by a quantitative liquidassay using
ONPG as substrate (Ha, HP1a; Hg, HP1g; Npl,
nucleoplasmin; N, no fusion).
in light of evidence from S. cerevisiae that shows an isoforms are interacting, and data indicate that phos-
phorylation may regulate this process (R. K., unpub-extended and possibly more stable ªprereplicativeº
footprint is established at replication origins during that lished data). Interestingly, both the chromodomain and
shadow domains of HP1 are required for HP1 to interactmitotic window (Diffley et al., 1994).
with DmORC under our biochemical conditions. Since
either half of HP1 is sufficient for at least some hetero-DmORC Associates with Heterochromatin
chromatin targeting in vivo (Powers and Eissenberg,The DmORC2 immunostaining patterns indicate that the
1993; Platero et al., 1995), and HP1 appears not to bindprotein is distributed at sites throughout the DNA fiber,
DNA directly (Singh et al., 1991), it is likely that othersome of which presumably correspond to individual ori-
proteins are also involved in recruiting HP1 to specificgins of replication. Superimposed on this general distri-
chromosomal regions. This conclusion is in line with thebution appears to be a high concentration of DmORC2
fact that HP1 is densely distributed at telomeres, whichat a subset of the heterochromatic DNA, particularly
are not particularlyenriched for DmORC2. Further analy-those of the a-heterochromatin, a region vastly under-
sis may reveal that DmORC is required to tether or acti-replicated in the giant salivary chromosomes. This con-
vate HP1 at a particular subset of its heterochromaticcentration of ORC-binding sites in mitotic cells is likely
destinations.to be accompanied by other DmORC subunits and prob-
DmORC1 was found to be the DmORC subunit thatably reflects the presence of a large number of DmORC-
interacted most strongly with HP1, and a 160-amino-binding sites in these regions. We have not ruled out
acid domain in the amino terminus of DmORC1 wasepitope masking in nonheterochromatic DNA; this pos-
sufficient for this purpose. We have further shown thatsibility could be excluded by biochemically isolatinghet-
the amino terminus of Xenopus Orc1 interacted witherochromatin and Western blotting for the presence of
Xenopus HP1a and HP1g homologs. In this context, itDmORC proteins. However, the observed physical inter-
is intriguing that the relevant domain of Orc1p for silenc-action of DmORC and HP1 argues that the preferential
ing in S. cerevisiae is also the amino terminus (Bell etbinding to heterochromatin is biologically relevant. The
al., 1995). This region of DmORC1 shows homologiessmall percentage of DmORC and HP1 that associates
in vivo is consistent with the suggestion that particular with other metazoan Orc1 proteins (Figure 6B) and
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factors (e.g., Sir proteins in S. cerevisiae or HP1 in Dro-
sophila) to sites destined to be heterochromatic. This
model fits with the idea that there may be different initia-
tors for establishing heterochromatic domains, but each
may feed into common pathways leading to similar
structures.
The cis-acting DNA elements required for PEV are still
obscure. One report suggests that repeated elements
may be sufficient to establish heterochromatin (Dorer
and Henikoff, 1994), perhaps by creating an unusually
regular structure. An alternative possibility is that the
particular transposon that was reiterated in that study
might have serendipitously contained the proper nucle-
ating sequence, such as an AT-rich or GC-rich element
mimicking the satellite repeats that comprise the major-
ity of heterochromatin (Lohe et al., 1993). Such repetitive
sequences might also resemble DmORC-binding sites,
such as those seen in the polytene chromosomes, and
explain the preferential accumulation of DmORC at cen-
tric heterochromatin. Clearly, not all replication origins
can serve as organizational points for heterochromatin
formation. It seems likely that the correct combination of
Figure 8. Dominant Suppression of Position±Effect Variegation in cis-acting binding sitesÐsome of which may be DmORC
the DmORC2 Mutant k43 recognition sequencesÐwill be required to define locus
The Su(var) phenotype of k43 is compared to that of its Tb siblings. specificity.
Males of the following genotype are shown above: (A) wm4h; 1/1; As has been pointed out elsewhere (e.g., Henikoff,
1/TM6b (Tb), (B) wm4h; 1/1; k431/1, (C) wm4h; 1/1; 1/TM6b (Tb), (D)
1995), PEV does not constitute a natural mode of regula-wm4h; 1/1; k43g4/1.
tion of gene expression in Drosophila but rather is the
consequence of particular rearrangements that bring
genes into new chromosomal environments. At least 40
somewhat more limited homologies with Schizosac- genes normally present in centric heterochromatinseem
charomyces pombe Orc1p, which are not conserved in to require this unique compacted domain for transcrip-
the budding yeast, and we note that S. cerevisiae has tional expression and are repressed when translocated
no known chromodomain family members. Thus, the to euchromatin (reviewed in Gatti and Pimpinelli, 1992).
divergences in the amino termini of various Orc1 pro- Thus, more physiologically relevant roles for heterochro-
teins may allow for interactions with different associated matin are likely to be in various aspects of chromosome
factors. dynamics such as folding, segregation, and pairing (see
for example Dernburg et al., 1996b). In this respect, it
The Role of DmORC in PEV has been previously reported that Drosophila strains
The Su(var) phenotype of DmORC2 mutations, the inter- carrying HP1 mutations are defective in chromosome
actions of DmORC with HP1, and the strong Su(var) segregation (Kellum and Alberts, 1995), and we antici-
effects of HP1 mutations indicated that DmORC may pate that DmORC mutants may also have a defect in
exert its function by participating in a direct recruitment chromosome structure or condensation. Indeed, the re-
of HP1 to certain chromosomal domains or vice versa. cent identification of the k43 mutant as an allele of
Although the DmORC2 Su(var) effect might be more DmORC2 (Landis et al., 1997) implicates DmORC2 not
indirectÐfor example, mutants in Drosophila polymer- only in cell proliferation and chorion gene amplification
ase d processivity factor PCNA (mus209) are dominant but also in chromosome condensation (Szabad and Bry-
suppressors of PEV (Henderson et al., 1994)Ðthe fact ant, 1982; Gatti and Baker, 1989).
that a specific point mutation in HP1, V26M, exhibits
both suppression of PEV as well as diminished binding A Model for Coupling DNA Replication
to DmORC suggests otherwise. In contrast, the binding and Chromosome Folding
of the Y24F mutant with DmORC again argues that this Present models concerning the DNA replication cycle
capability is not sufficient to mediate full HP1 function. emphasize the point that ORC is continuously associ-
If the interaction of DmORC with HP1 indeed contributes ated with chromosomes and that distinct steps toward
to DmORC's role in PEV, then participation of ORC in building a replication complex occur at different stages
heterochromatin formation is likely to be widespread of the cell cycle (Botchan, 1996). This cyclical, stepwise
and conserved, based on the interaction of XOrc1 and assembly and disassembly would presumably safe-
XHP1 proteins, the existence of constitutive heterochro- guard inappropriate DNA replication origin initiation.
matin inall highereukaryotes, and the conserved hetero- However, recent genetic studies have shown that many
chromatic localization of HP1 in mammals (Wreggett et temperature-sensitive orc5 mutants arrest in early M
al., 1994). These data suggest a model whereby a dis- phase, before the metaphase-to-anaphase transition
tinct role of ORC, in conjunction with other DNA-binding point and prior to the assembly of prereplicative initia-
tion complexes late in mitosis (A. Dillin and J. Rine,factors, may generally be to target non-DNA-binding
DmORC and Heterochromatin
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photographed. k43 non-Tb males were scored for a PEV phenotypepersonal communication). The continuous association
by comparison to their Tb male siblings.of ORC with chromosomes may therefore be important
because information is contained in the pattern of ORC
Antibodies
binding, and/or ORC performs positive activities in the Affinity-purified anti-DmORC2 antibodies have been described
chromosome cycle outside of S phase and separate (Gossen et al., 1995). Protein purified from E. coli was used to immu-
from a direct replication function. As we have speculated nize rabbits (for antibodies to DmORC6) or rats (for DmORC5) ac-
cording to standard procedures (Harlow and Lane, 1988). Antibodieshere, one such role of ORC may be in heterochromatin
were affinity purified over a column of CNBr-agarose coupled toformation, which may itself underlie other evolutionarily
6xHis-DmORC6 fusion protein or using 6xHis-DmORC5 immobilizedconserved and equally critical requirements in chromo-
on PVDF (Millipore) as described (Harlow and Lane, 1988). For the
some folding. This would not only be a parsimonious HP1 immunoaffinity column, rabbit polyclonal antibodies were pre-
use of the multiprotein complex but also could help pared against a peptide spanning amino acids 4±21 of HP1. The
coordinate multiple aspects of DNA dynamics. Thus, antibodies were affinity purified over a column of 6xHis-HP1 fusion
protein coupled to Affigel-10 as described (Harlow and Lane, 1988).ORC may serve to monitor the state of chromatin, cou-
Low-affinity antibodies were eluted with 1.5 M MgCl2, followed bypling the end of DNA replication to the beginning of
the elution of high-affinity antibodies with 100 mM glycine (pH 3.0).chromosome condensation. Along these lines, certain
Approximately 3 mg of the high-affinity antibodies were coupled to
ORC-binding sites may help regulate whether given re- 1 ml of protein A-agarose (Sigma) using dimethlypimelimidate as
gions decondense or not in early G1 phase. Involvement described (Harlow and Lane, 1988). A control column was con-
of ORC in chromatin remodeling for gene silencing may structed by coupling 3 mg of rabbit IgG (Sigma) to the same column
matrix.therefore be an example of an evolutionary variation on
a general housekeeping function.
Immunofluorescence
Schneider L2 cells were fixed and permeabilized with paraformalde-Experimental Procedures
hyde and methanol:acetone as described (Harlow and Lane, 1988)
except that 1% paraformaldehyde in PBS was used as fixative.Cloning and Mutagenesis
Staining was done as described (Harlow and Lane, 1988) with affin-The DmORC1 gene was isolated by first obtaining peptide se-
ity-purified anti-DmORC2 antibodies (1:100, 2.5 mg/ml), goat anti-quences from a 110 kDa subunit of purified Drosophila embryonic
rabbit Cy2 or Cy3 conjugates (Amersham) at 1:500 dilution (2 mg/ORC (Gossen et al., 1995). These sequences were used to design
ml), and Hoechst 33258 (0.1 mg/ml). For mitotic arrest, log-phasedegenerate oligonucleotide primers to probe a 0±4 hr Drosophila
cells were arrested with colchicine (1 mg/ml) for 12 hr, dislodged,embryonic cDNA library (Brown and Kafatos, 1988) as described
attached to coverslips for 10 min, processed as described (Wreggett(Ausubel et al., 1987), from which a full-length clone (pNB40-
et al., 1994), and stained as above. For double-labeling experiments,DmORC1) was obtained. Cloning of other DmORC genes will be
affinity-purified HP1 antibodies were directly coupled to Oregondescribed elsewhere (I. C., S. Zhou, and M. R. B., unpublished data).
green succinimidyl ester and DmORC2 antibodies to Texas red suc-Deletions in HP1 were constructed by PCRamplification of appro-
cinimidyl ester (both Molecular Probes), according to the manufac-priate regions of pAK12 (gift of A. Kutach), a plasmid containing
turer's instructions. Drosophila embryos of the appropriate age wereHP1 in-frame with amino-terminal Flag and 6xHIS epitope tags in
fixed and immunostained as described (Foe, 1989), except that 1%pET11d (Novagen). PCR products were ligated into pET11d (Nova-
paraformaldehyde was used. Embryos were also fixed by an alter-gen) at the BamHI site of the polylinker by standard cloning methods
nate protocol involving only methanol:EGTA (Mitchison and Sedat,(Sambrook et al., 1989). Point mutations in HP1 were introduced by
1983). The same concentrations of primary and secondary antibod-site-directed mutagenesis of pAK12 and verified by double-
ies were used as above for DmORC2. Rat anti-tubulin antibodiesstranded dideoxy sequencing. Deletions in DmORC1 were con-
(YOL134) were used at 1 mg/ml, with goat anti-rat Cy2 secondarystructed by PCR amplification of relevant coding regions using
antibodies (Amersham) at 1:500 dilution (2 mg/ml). DNA was visual-pNB40-DmORC1 as a template and ligation into pNB40-DmORC1
ized with 0.1 mg/ml propidium iodide including 1 mg/ml RNase A.digested with RsrII and PacI (carboxy-terminal deletions) or with
Polytene chromosome squashes were prepared from Canton S thirdBspMI and PacI (amino-terminal deletions). Primer sequences are
instar larvae by standard procedures (Silver et al., 1978) except thatavailable upon request.
1% formaldehyde was used as fixative. Immunostaining for polytene
chromosomes was performedas for L2 cells. Images were observedProtein Purification
on a Nikon Optiphot-2 microscope with a Nikon 1003 objectivePlasmids pAK12, pAK23, pAK36, or pAK37 (gifts of A. Kutach) and
(1.25 oil). Confocal images were observed on a Nikon Optiphot withmutant derivatives were freshly transformed into E. coli BL-21 LysS
Leica 633 Plan Apo objective (1.4 oil) equipped with a Bio-Radand purified by Ni-NTA (Qiagen) affinity chromatography by a modifi-
MRC-600 scanning confocal laser. Images were processed usingcation of manufacturer's protocols (A. Kutach, personal communica-
MRC-600 confocal microscope operating software (CoMOS) versiontion). DmORC5 and DmORC6 proteins were tagged with the 6xHis
6.03 (Bio-Rad Microscience Ltd., 1992±93) and Adobe Photoshop.epitope, expressed from either pRSET (Novagen) or pQE (Qiagen)
in E. coli (BL21-LysS or M15), and purified using Ni-NTA affinity
Immunoprecipitation and Affinity Chromatographychromatography (Qiagen) according to manufacturer's protocols.
Embryos (3 g of a 0±2 hr collection) were homogenized in 3 mlDmORC subunits were also expressed from pNB40 (Brown and
extract buffer (EB; 50 mM HEPES (pH 7.6), 25 mM KCl, 25 mM NaCl,Kafatos, 1988) using the TNT coupled in vitro transcription/transla-
80 mM b-glyceraldehyde, 10% glycerol, 1 mM Na-metabisulfite, 100tion system (Promega).
mM PMSF, 200 mM benzamidine, and 10 mg/ml of phenanthroline,
aprotinin, leupeptin, and pepstatin). The extract was centrifuged atDrosophila Strains and PEV Analysis
10,000 3 g for 15 min and clarified by centrifugation at 150,000 3Drosophila Canton S were reared in mass population cages as de-
g for 1 hr. The protein concentration of the clarified extract wasscribed (Elgin and Miller, 1978). The k431 and k43g4 strains were
typically 60±80 mg/ml. The clarified extract was first incubated 3obtained from J. Tower; Su(var)2±505 was obtained from M. Levine.
times, 15 min each, with 150 ml protein A-agarose (2 ml extract/mlwm4h was provided by G. Reuter. All strains used in this study were
resin). The preabsorbed extract (300 ml) was then incubated for 1raised at room temperature in bottles or vials containing yeast/
hr at 48C in parallel with 200 ml of anti-HP1 resin or 200 ml of controlglucose medium.
IgG resin. Each batch of resin was then washed with 25 columnwm4h; 1/1; 1/1 virgin females were crossed to 1/1; 1/1; k43/
volumes of EB plus 100 mM KCl. The anti-HP1 immunoaffinity col-TM6b Tb males at 258C. k43 progeny were selected at the pupal
umn was eluted step-wise with EB plus 0.5 M KCl, EB plus 1.0 Mstage by scoring for the absence of the larval/pupal marker Tb. Tb
progeny were also selected as a control. All male progeny were KCl, and 100 mM glycine (pH 3.0). Proteins bound to the control
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IgG column were eluted with a single glycine step. Elution fractions References
were TCA precipitated, split onto two identical SDS-PAGE gels,
and Western blotted according to standard procedures (Harlow and Aasland, R., and Stewart, A.F. (1995). The chromo shadow domain, a
Lane, 1988). second chromo domain in heterochromatin-binding protein 1, HP1.
For coimmunoprecipitation of Flag-HP1 and endogenous DmORC, Nucleic Acids Res. 23, 3163±3173.
cytoplasmic extracts were prepared as above. Forty-four picomoles Ausubel, F.M., Brent, R., Kingston,R.E., Moore, D.D., Seidman, J.G.,
of Flag-HP1 (1 mg) or HP1 mutants was mixed with 1 mg cytoplasmic Smith, J.A., and Struhl, K. (1987). Current Protocols in Molecular
0±2 hr embryo extract containing approximately 1 pmol of DmORC2. Biology (New York: Greene Publishing Associates and Wiley-Inter-
Extracts were diluted to 200 ml with HEMG 0.1 M KCl (Heberlein science).
and Tjian, 1988) that included 0.01% Triton X-100, 1 mM DTT, 1 mM
Bell, S.P., and Stillman, B. (1992). ATP-dependent recognition ofPMSF, 1 mM Na-metabisulfite, and 10 mg/ml pepstatin, aprotinin,
eukaryotic origins of DNA replication by a multiprotein complex.and leupeptin. Two microliters of anti-Flag monoclonal antibody
Nature 357, 128±134.coupled to beads (6 mg antibody) or 2 ml mock beads (protein
Bell, S.P., Mitchell, J., Leber, J., Kobayashi, R., and Stillman, B.A-agarose [Amersham] alone) was added to the extracts and incu-
(1995). The multidomain structure of Orc1p reveals similarity to regu-bated for 1 hr at 48C. Immunoprecipitates were washed five times
lators of DNA replication and transcriptional silencing. Cell 83,with HEMG 0.1 M KCl and analyzed by SDS-PAGE and Western
563±568.blotting. For coimmunoprecipitation of endogenous HP1 and
DmORC, the same procedure was utilized, except no exogenous Botchan, M. (1996). Coordinating DNA replication with cell division-
Flag-tagged protein was added, and extracts were incubated with current status of the licensing concept. Proc. Natl. Acad. Sci. USA
affinity-purified DmORC2 antibodies coupled to protein A-agarose 93, 9997±10000.
or mock beads (protein A-agarose [Amersham] coupled to rabbit IgG Braunstein, M., Sobel, R.E., Allis, C.D., Turner, B.M., and Broach,
[Sigma]). For coimmunoprecipitation of in vitro translated DmORC J.R. (1996). Efficient transcriptional silencing in Saccharomyces cer-
subunits and DmORC1 deletion derivatives with Flag-HP1, in vitro evisiae requires a heterochromatin histone acetylation pattern. Mol.
translated lysates programmed with individual DmORC cDNAs (or Cell. Biol. 16, 4349±4356.
mixes containing all six DmORC subunits) in the presence of
Brown, N.H., and Kafatos, F.C. (1988). Functional cDNA libraries[35S]methionine were incubated with 1 mg Flag-HP1 purified from
from Drosophila embryos. J. Mol. Biol. 203, 425±437.E. coli and processed as above, except that immunoprecipitated
Carpenter, P.B., Mueller, P.R., and Dunphy, W.G. (1996). Role for amaterial was visualized by autoradiography of SDS-PAGE gels.
Xenopus Orc2-related protein in controlling DNA replication. NatureYields (fraction of input material precipitated, subtracting back-
379, 357±360.ground) were quantitated either by excising bands from gels and
measuring radioactivity by scintillation counting or by densitometric Chien, C.T., Buck, S., Sternglanz, R., and Shore, D. (1993). Targeting
scanning of autoradiograms. Recovery efficiencies were calculated of SIR1 protein establishes transcriptional silencing at HM loci and
as the average of five experiments. telomeres in yeast. Cell 75, 531±541.
Dernburg, A.F., Broman, K.W., Fung, J.C., Marshall, W.F., Philips,
Two-Hybrid Screen J., Agard, D.A., and Sedat, J.W. (1996a). Perturbation of nuclear
plexOrc1 was constructed by cloning full-length XOrc1 (a gift from architecture by long-distance chromosome interactions. Cell 85,
A. Rowles and J. Blow) as a BamHI-SalI fragment into pBTM116 745±759.
(Romanowski et al., 1996a); plexOrc1N by cloning XOrc1 amino
Dernburg, A.F., Sedat, J.W., and Hawley, R.S. (1996b). Direct evi-acids 1±413 as a BamHI-PstI fragment; plexOrc1C by cloning XOrc1
dence of a role for heterochromatin in meiotic chromosome segre-amino acids 417±886 as a BamHI-SalI fragment. plexOrc1 was trans-
gation. Cell 86, 135±146.formed into L40 yeast, and the L40-plexOrc1 strain was then trans-
Diffley, J.F., Cocker, J.H., Dowell, S.J., and Rowley, A. (1994). Twoformed with a Xenopus egg cDNA library in pVP16 as described
steps in the assembly of complexes at yeast replication origins in(Romanowski et al., 1996a). Positive clones were isolated and re-
vivo. Cell 78, 303±316.tested against pBTM116 or LexA fusions of XOrc1, XOrc1N, XOrc1C,
XMcm3, lamin, cyclin B1, cyclin B2 (gifts from A. Meddins) or DNA- Dorer, D.R., and Henikoff, S. (1994). Expansions of transgene re-
dependent protein kinase (gift from U. Yavuzer) essentially as de- peats cause heterochromatin formation and gene silencing in Dro-
scribed (Romanowski et al., 1996a). For swap experiments, sophila. Cell 77, 993±1002.
plexHP1-a and plexHP1-g were constructed by shuttling XHP1-a Ehrenhofer-Murray, A.E., Gossen, M., Pak, D.T., Botchan, M.R., and
and XHP1-g fragments from the pVP16 vectors into pBTM116 as Rine, J. (1995). Separation of origin recognition complex functions
EcoRI-SalI fragments; pVP16Orc1 by subcloning XOrc1 into pVP16 by cross-species complementation. Science 270, 1671±1674.
as a BamHI-NotI fragment; plexNpl by subcloning nucleoplasmin
Eissenberg, J.C., James, T.C., Foster-Hartnett, D.M., Hartnett, T.,coding sequence into pBTM116 as a BamHI-SalI fragment. Appro-
Ngan, V., and Elgin, S.C. (1990). Mutation in a heterochromatin-priate vector pairs were cotransformed into L40 and assayed for
specific chromosomal protein is associated with suppression of
b-galactosidase activity as described (Romanowski et al., 1996a).
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